Methodologies
This paper describes the t e s t i n g and PURPOSE FTWORK i s a new three-dimensional finite-difference model f o r simulation o f flow and solute transport processes in fully saturated porous media (GeoTrans, 1987) . FTWORK provides an alternative to more comprehensive models such as SWIFT E 1 {Reeves et a1 . , 1986) and HST3D (Kipp, 1987) . Unlike these models, the flow equation is posed in terms o f hydraulic head, The hydraulic head formulation is more convenient than the pressure formulation for most groundwater and hazardous waste assessments. In summary, FTWORK is intended to facilitate the application of a solute transport model by eliminating evaluation o f the processes which are rarely important in real-world assessments o f groundwater f l o w and contaminant transport and by formulating the equations in terms of units and parameters frequently used by hydrologists.
FfATURES
The three-dimensional model i s based on a finite-difference scheme utilizing a block-centered grid that allows variable spacing and approximation o f irregular geometry, The model also allows approximation o f 1 ayers t h a t have irregular thickness and/or that are not horizontal. 
For unconfined conditions
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Flow to parallel drains in an unconfined aquifer subjected to vertical recharge (Bear, 1979, p 180 
In a l l cases, comparison o f modeled
For the purpose o f brevity, only one of the f i v e problems having analytical solutions that were used i n the testing process i s discussed in this section. 
The analytSca1 solution for this
This sofution provides a basis for testing implementation o f the cross-product approximations (e.g., a D, , &), and grid orientation e f f e c t s due to the advective-terms approximation. t e s t s , two alternative grid orientations were used (see Figure 1) 
The computed concentration in the direction o f groundwater flow along a line through the source is compared to the analytical solution in Figure 2 . The results show a good comparison between the analytical solutions and the numerical results f o r the g r i d oriented parallel to groundwater flow. The noticeable difference between the results o f the two alternative grids demonstrates t h a t grid orientation effects occur even though the cross-product terms are included explicitly in t h e numerical model-The difference between results based on the full expansion o f the cross-product terms and "lumping" o f t h e cross-product term illustrates that the inclusion o f the cross-product approximation significantly improves the numerical solution. The lumping approximation is commonly used in finite-difference models (Kipp, 1986 and Reeves et al., 1986) to accommodate matrix solution requirements.
for this example, the lumping approximation greatly overestimates transverse dispersion and is unacceptable. 
COMPARISON TO OTHER CODES
Although the i n i t i a l testing o f the model provided confidence that
The next series of FTWORK results were the equations were properly formulated and implemented into the code, additional testing was necessary to assess i t s performance under conditions commonly found i n real world situations. problems were complex, three-dimensional, and involved irregular geometries and a multitude o f boundary canditfons. compared to the results o f other models because analytical solutions were not available for these problems. Table 3 shows the codes that were used for various problems. problem is discussed in detail, the second and third problems are sumari zed.
For the purposes o f brevity, only one Bergeron (1981) . Although the original study was quite complex, i n v o l v i n g multiple pumping periods as well as numerous sensitivity analyses on confining bed parameters, the present problem used for bencbrnarking purposes involves only one pumping period and utilizes the final madel discretization and hydrogeologic parameters presented in Andersen et a l . (1984).
The hydrogeologic system was idealized into three main (1) a bedrock aquifer (The Limestone-Dolomite
The problem was simulated using FTWORK, MODFLOW, and CFEST. For tho block centered finite-difference codes, FTWORK and MODFLOW, the areal problem domain was discretized into 25 and 27 grid blocks in the x-and y-directions, respectively. As shown in Figure 3 , variable g r i d block dimensions were used, with finer discretization in the vicinity o f pumping wells and gradually increasing toward the model boundaries.
Grid block dimensions vary from 1626 to 42440 ft. discretization scheme was used in the mesh-centered finite-element code, CFEST. The grid line coordinates for the CFEST model were chosen to preserve the areal coordinates o f the grid block centers from the block centered finite-difference models. The location of the computational nodes formed by the intersection of grid lines o f the mesh centered grid thus correspond to the nodes located at grid block centers of the block centered grid. The CFEST mesh design resulted in The vertical dimension i n the FTWORK and 130DFLOW models was discretized into 9 layers; 2 far the surficial aquifer, 5 f o r the confining bed, and 2 for the bedrock aquifer. vary from 8 to 92 feet with the finer discretization occurring within and adjacent to the confining bed, The fine grid spacing was used to provide a better approximathn o f the large hydraulic gradients expected within the confining bed as a result o f the large contrast in hydraul i c conductivity between the aqui tard and aquifer. The vertical grid spacing in both models i s accounted for in a vertical conductance term VCONT, which also includes the vertical hydraulic conductivity. The conductance is given by:
The layer thicknesses
where Azk = thickness of layer k and K, , = vertical hydraulic Although the surficial aquifer i s unconfined, i t i s modeled as a confined aquifer with unconfined storage properties. because drawdown in the surficial aquifer was not expected to significantly alter the saturated thickness of the surficial system. Twenty-six pumpage centers were included in the model. include pumpage in the entire thickness of the bedrock aquifer, pumpage was apportioned to the layers representing the bedrock aquifer. In t h e FTtlORK simulation, 26 wells were specified: i n the MODFLOW simulation, 52 wells ware specified; in the CFEST simulation 78 wells were Figure 5 which depicts drawdown along a crosssection running through the we1 lfield. The discrepancy between t h e finite-difference methods and the finite-element method is expected. In general, the finite-difference methods are based on averaging heads across an entire block, while the finite-element methods compute values at the nodes themselves. Because of this, the effect o f a pumping well will be more pronounced at the well using the finite-element method. Whereas, away from the wells, the finite-difference methods show slightly higher drawdown in order to preserve mass. the difference between the two results may be attributed to slightly ' different f l o w fields that were used. The magnitude o f the discrepancy appears to be reasonable and acceptable given the differences in the ini ti a1 problem specification.
CONCLUSXONS
The finite-difference model that was described earlier in this paper, FTWORK, performed very we71 when compared to analytical solutions and to the results computed by other accepted groundwater flow and solute transport codes. The benchmarking procedure a1 so brought to 1 i g h t several interesting differences i n the approximation methods used by the various codes. The differences t h a t were present i n model results were justifiable and deemed acceptable. The code is currently being used for a regional modeling study o f the hydrogeologic system underlying the Savannah River Plant.
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